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Efkctivc detcrgcnt:lipid ratios (i.e. molar r;~tios in the mixed aggregates, vcsiclcs or miccllcs) have been cstimatcd for the solubilization of 
phosphatidylcholinr vesicles by Triton X-100. Effective molar ratios are given for both the onset nnd the completion of bilayer solubilization; small 
unilamcllar. large unilamcllar and multilamrllar vesicles have been used. Effective detcrgent:lipid r;\tios urc independent of phosphnlipid concen- 
tration. and their USC ullows a deeper understanding of nrembranc-surf~Ict;Inl interactions. 
Surlhctant: Detergent: Membrane solubilization: Liposomc: Triton X.100 
I. INTRODUCTION 
Detergents are widely used tools in membrane bio- 
chemistry. Consequently, the interaction between lipid 
bilayers and surfactants has been the object of consider- 
able attention [l-3]. Triton X-100 has found widespread 
application in biological research as a non-ionic deter- 
gent. Solubilization of phospholipid bilayers by Triton 
X-100 was first characterized by Dennis et al. (see [2] for 
a review), who found that a detergent/lipid ratio above 
2 was required for solubilization to occur. Previous 
work from our laboratory has also been devoted to the 
sub-lylic and lytic effects of Triton X-100 on model 
membranes [4-71. Lichtenberg and co-workers [8-lo] 
have established the guidelines for improved quantita- 
tive studies on membrane-surfactant i eraction by de- 
fining the so-called ‘effective detergent/lipid ratios’ and 
proposing convenient procedures for their estimation. 
The effective detergent/lipid ratio. R,, is defined as the 
detergent/lipid molar ratio in the mixed aggregates, ves- 
icles or micelles [IO]. R, can be easily calculated by 
performing solubilization experiments at different lipid 
concentrations, L, and noting the total detergent con- 
centration producing solubilization, L+. A relationship 
exists [IO]: 
Ahbrcrbri0rl.s: SW. small unilamcllar vesicles: LUV, large unilemcl- 
lar vesicles; MLV. multilamellnr vesicles; R,, effective ratio, molar 
rutio 01’ dctcrgcntilipid in the mixed aggregates (vesicles or micelles): 
RDSfir. R, value at which the vesicles arc saturated with the detergent; 
RcSoL, R, value at which the solubilizlltion of the lipid is completed: 
/I,, detergent concentration in the aqueous phase. 
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DT = R, {L -I- I / [(R, + I)]] (1) 
where K is the distribution coefficient of Triton X-100 
between the vesicles and the aqueous medium. The 
equation means that the total detergent concentration, 
D.,., required for obtaining any effective ratio A,.. has a 
linear dependence on L, R, is given by the slope of the 
straight line defined by the equation, which should in- 
tercept with tile s-axis at -!I[K(R, + l)] . In addition, 
the intercept with the paxis corresponds to the concen- 
tration of free detergent in water, D,., which in turn 
represents the apparent critical micellar concentration 
of the surfactant in the presence of lipid. 
Following these ideas, we have calculated effective 
Triton X-loo/PC ratios for the solubilization of three 
commonly used liposome preparations, namely mul- 
tilamellar vesicles (MLV), small unilamellar vesicles 
(SUV) and large unilamellar vesicles (LUV). DT values 
corresponding to both the onset and the completion of 
solubilization were recorded, from which saturation 
and solubilization effective ratios (respectively, ReSAT 
and RcsoL) could be computed. 
2. MATERIALS AND METHODS 
Triton X-100 (regular, batch No. 63F~0419) was purchased from 
Sigma (Sl. Louis, MO) and used without further purification, This 
detergent exhibits some hctcrogcneity in the length of the poly oxyeth- 
ylenc moiety, which is supposed to increase its solubilization proper- 
tics [I]. Egg-yolk phosphatidylcholinc was grade 1 from Lipid Prod- 
ucts (SoA N utficld. England). Lipcsorues were formed in a SO mM 
Tris-HCI. pH 7.0 buffer. WV were prepared by sonication [4] and 
LUV by extrusion through 0.1 pm Nucleopore filters [I I]. Liposome 
suspensions wcrc mixed with the same volumes of the appropriute 
detcrgcnt solutions (in the same buffer). The samples were left to 
equilibrate for 24 h at room tcmpcrature, and solubilization was as- 
scsscd from hc clu~~gcs in light scattering [IZ]. Light scattering was 
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log [Triton x-loo] (Id) 
Fig. 1, Dcurmination of D,,, and D,,,, . The percent change in light scnttcring of thrceegg-yolk phosphatidylcholine liposomc preparations (3.5 mM) 
in the presence of various concentrations of Triton X-100. Arrows 1 and 2 correspond. respectively. toDan and D,.. Data points are the average 
of three indcpcndcnt measurements. 
measured at 90°C in a Perkin Elmer LS-50 spcctrofluoromctcr. with 
both monochromutors adjusted at 500 nm, Total dctergcnt conccntra- 
tions producing the onset and the completion of solubilization (Da,,, 
and D,,,,. rcspectivcly) were determined graphically as shown in Fig, 
I for each kind of liposomc prepuration. 
3. RESULTS AND DISCUSSION 
When D,,, and Dloo are plotted as a function of lipid 
concentration, the straight lines predicted by equation 
1 arc found (Fig. 2). From those, the corresponding f?, 
values are readily calculated (Table I). RcsoL, i.e. R, 
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Fig:. 2. Determination ol’ R, values. D,,, (:;) and D,,,, (0) arc plotted 
as a function of lipid (EY L) concentration. for each type of liposome 
preparation; R, values are estimated from the slop+z of the resulting 
straight lines. 
valuesatwhich thesolubilizationofthelipidiscompleted, 
are found of around 34 Triton X-100 molecules per 
phospholipid molecule, independently of the type of 
iiposome preparation. 
A ‘*’ values. i.e. R, at which the vesicles are saturated 
witl; Triton X-100, are higher for uniiameliar than for 
multiiamellar vesicles (0.7-0.8 vs. 0. IS). AtSAT values are 
derived from measurements at the onset of solubiiiza- 
tion (Figs. 1 and 2): the low RcsAT value for MLV may 
be explained by assuming that the outermost bilayers 
are solubilized before the system has reached equiiib- 
rium. It has been suggested [I31 that. in the early stages 
of MLV solubilization, the outer layers are ‘peeled or, 
giving rise to transient structures in the form of small 
unilameilar vesicles. Since in our calculations we con- 
sider the total amount of lipid, this ICC& t-o an appar- 
ently low RpSAT value for MLV. Independent measure- 
ments have shown that, in fact, Triton X-100 takes 
several hours to equilibrate across the various bilayers 
of MLV, while solubilization of the outer lamellae starts 
only seconds after surfactant addition [14]. For SUV. 
the RDSAT value is in good agreement with the slope of 
the ‘maximum turbidity vs. lipid concentration’ plot 
published by Alonso et al. [15], who found a value of 
about O&7; this was expected since the point of maxi- 
Table I 
Effective dcicrgcnt ‘lipid molar r;ltios and rebated parameters in the 
solubiliracion of phosphatidylcholinc vesicles by Triton X-100 
Type of vesicles 
WV LUV MLV 
H SAl 
0: (mM) 
0.18 0.71 0.15 
0.46 0.37 0.29 
K (mW’) 1.7 1.9 0.52 
RSDL 
D:. (mlY1) 
3.7 3.0 3.6 
0.53 0.45 0.23 
- 
Data arc derived from plots as shown in Fig. 2. 
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mum turbidity of a detergent-treated SUV suspensicn 
is also the point at which solubilization starts. Also our 
A SAT for SUV is reasonably close to the value found 
eiperimentally by Lasch et al. [ 161. i.e. 1.13. In general, 
our values for both RcSAT and RzoL are in good agree- 
ment with the estimation of Dennis [17], who, after 
chromatographic and sedimentation studies of Triton 
X-100:phosphatidylcholine mixtures, found that egg 
phosphatidylcholine bilayers are able to incorporate the 
surfactant at molar ratios of Triton to phospholipid 
below about 1: I, whereas above a molar ratio of about 
2:1 all of the phospholipid is converted into mixed 
micelles. 
Values for D,, free detergent concentrations in water 
(= apparent critical micellar concentrations of Triton 
X-100 in the presence of lipid) are also shown in Table 
I. Figures of the same order of magnitude as the critical 
micellar concentration in pure water (0.24 mM [ 181) are 
found in all cases, in accordance with the theoretical 
predictions. 
Schurtenberger tal. [8] proposed that, for ideal mix- 
ing of lipid and detergent, in dilute aqueous media, the 
distribution of detergent between lipid bilayers and 
aqueous media obeys a partition coefficient, K, that for 
low R, values can be estimated as K = RJD,. The cor- 
responding data are also included in Table I, taking A, 
as the value at the onset of solubilization, 
Effective detergent/lipid ratios for surfactant-induced 
leakage of phospholipid vesicles have been calculated 
recently [16,191. Values of A, for leakage are lower than 
A SAf (in this paper), as expected from previous studies 
[2co]. 
The above results are of practical importance in view 
of tile significant deviations that are often found be- 
tween total and effective detergent:lipid ratios, particu- 
larly at low phospholipid concentrations. Previous re- 
sults in the literature may require a re-appraisal in the 
light of the present data. 
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